The Kallikrein-related peptidase (KLK) family consists of fifteen conserved serine proteases that form the largest contiguous cluster of proteases in the human genome. While primarily recognized for their clinical utilities as potential disease biomarkers, new compelling evidence suggests that this family plays a significant role in various physiological processes, including skin desquamation, semen liquefaction, neural plasticity, and body fluid homeostasis. KLK activation is believed to be mediated through highly organized proteolytic cascades, regulated through a series of feedback loops, inhibitors, auto-degradation and internal cleavages. Gene expression is mainly hormone-dependent, even though transcriptional epigenetic regulation has also been reported. These regulatory mechanisms are integrated with various signaling pathways to mediate multiple functions. Dysregulation of these pathways has been implicated in a large number of neoplastic and non-neoplastic pathological conditions. This review highlights our current knowledge of structural/ * Corresponding author. Department of Pathology and Laboratory Medicine, Mount Sinai Hospital, 600 University Avenue, Toronto, Ontario M5G 1X5, Canada. Tel.: þ1 416 586 8443; fax: þ1 416 619 5521.
Introduction
Proteases (also known as peptidases) are a major group of enzymes participating in multitude of physiological processes, including coagulation, apoptosis, tissue remodeling, and immune responses (Barrett et al., 2004) . Depending on the cleavage site, proteases are classified as exo-and endo-peptidases (Barrett et al., 2004) . Endopeptidases (or proteinases) cleave their target proteins internally, whereas exopeptidases sequentially remove amino acids from either the N or C-terminus (Barrett et al., 2004) . Based on the amino acid residue present at the active site, endopeptidases can further be grouped into four major classes of serine-, cysteine-, aspartic-, and metallo-proteinases (Barrett et al., 2004) . Serine proteases exhibit diverse functions in digestion, coagulation, and cellular and humoral immunity (Rawlings and Barrett, 1994) . Based on their evolutionary relationships, serine proteases can further be grouped into eleven clans (Rawlings and Barrett, 1994) . The trypsin/chymotrypsin-like (clan SA) enzymes are considered as the main clan in the subfamily of the serine proteases (Rawlings and Barrett, 1994) .
Kallikrein-related peptidases belong to a subgroup of secreted serine proteases within the S1 family of clan SA . So far, fifteen members of the family (KLK1-15) have been identified, most of which have been reported as potential prognostic and/or diagnostic tumour biomarkers.
The initial work in the kallikrein-related peptidase research was devoted to the discovery and characterization of the three members of the family known as the ''classic'' kallikrein-related peptidases (KLK1, 2, and 3), during 1930s-1980s . Subsequent work from our laboratory and others has eventually led to the characterization of twelve novel members in the past decade.
According to the official nomenclature system recommended by the Kallikrein subcommittee of HGNC (HUGO Nomenclature Committee) in 2006, kallikrein-related peptidases are denoted as KLKs (Lundwall et al., 2006a) . To distinguish between proteins and genes, proteins are written in standard font, e.g. KLK2, while genes are in italics, e.g. KLK2.
2.
Gene organization and protein structure
KLKs are encoded by a cluster of strikingly similar genes with varying length, ranging from 4.4 to 10.5 kbp (Obiezu and Diamandis, 2005) . The size difference is mainly attributed to intron length, which varies significantly between the genes. Some of the common features shared among KLKs include exon/intron organization, number and length of exonic regions, intron phase, and conserved translational start and stop sites, as well as the catalytic triad codons Yousef and Diamandis, 2001) . Each gene consists of 5 coding exons, separated by 4 introns with the highly conserved GT-AG splice junction pattern. Furthermore, with the exception of the ''classic'' KLKs that lack 5 0 untranslated exons, KLKs contain both 5 0 and 3 0 UTRs. The 3 0 UTR contains either the canonical (AATAAA) or a variant polyadenylation site distal to the stop codon ( Fig. 1 ) . KLK proteins are secreted serine endoproteases, expressed as single chain preproenzymes of approximately 30-40 kDa ( Fig. 1) (Obiezu and Diamandis, 2005) . The signal (pre-) sequence is 16-30 amino acids in length and is cleaved from the N-terminus of the protein prior to secretion . Enzyme activation may subsequently occur through limited proteolysis targeted to the peptide bond between basic and hydrophobic residues of the ''pro''-sequence (Gomis-Ruth et al., 2002) (Table 1 ). Characteristic to serine proteases, KLKs contain a catalytic serine residue at their active site cleft. Along with the active serine, histidine and aspartic acid residues of the catalytic triad, serve as a charge relay system (Obiezu and Diamandis, 2005; Gomis-Ruth et al., 2002 ).
KLKs share a high level of amino acid identity in areas flanking the catalytic triad (Obiezu and Diamandis, 2005) . The overall sequence similarity, however, is estimated at a lower level (40%-80%) with highest sequence similarity between the ''classic'' KLKs (Obiezu and Diamandis, 2005) .
So far, the 3D structure of mature KLK1, KLK4, and both mature and pro-KLK6 have been determined by X-ray crystallography (Debela et al., 2006a; Laxmikanthan et al., 2005; Bernett et al., 2002; Gomis-Ruth et al., 2002) . As a subgroup of the trypsin/chymotrypsin-like serine proteases, these KLKs are folded into two hydrophobically interacting domains of sixstranded b-barrels and an a-helix. The catalytic triad is located at the interface between the two domains, as a shallow depression on the frontal surface (Debela et al., 2006a; Gomis-Ruth et al., 2002; Bernett et al., 2002) . KLK1 contains an additional ''kallikrein loop'', unique to the ''classic'' KLKs (Laxmikanthan et al., 2005) . The loop consists of 11 amino acids, inserted at position 95 (Laxmikanthan et al., 2005) . Given its close proximity to the active site, the kallikrein loop is believed to affect the substrate accessibility of the enzyme (Laxmikanthan et al., 2005) . Substrate/inhibitor binding may also be determined by diverse external loops surrounding the substrate binding sites (Bernett et al., 2002) .
3.

Phylogenetic evolution of the locus
The KLK locus resides on the long arm of chromosome 19, at position q13.4 and is confounded centromerically by the testicular acid phosphatase gene (ACTP) and telomerically by the cancer-associated gene (CAG) and Siglec-9, a member of the sialic acid-binding Ig-like lectin family Yousef et al., 2001a; Foussias et al., 2000) . In human, KLK are organized as the largest uninterrupted tandem array of protease genes and are transcribed from telomere to centromere, with the exception of KLK2 and KLK3 (Fig. 2) (Obiezu and Diamandis, 2005) .
Phylogenetic and comparative analyses of the KLK locus have revealed a significant level of locus similarity among mammals, suggesting a conserved function(s) of the encoded proteins (Lundwall et al., 2006b; Elliott et al., 2006) . Experimental and in-silico identification of mammalian KLKs in human, rat, mouse, pig, dog, chimpanzee, and opossum, as well as comparative studies of the genome of horse and cow have revealed a polyphyletic nature of the gene family Fernando et al., 2007; Lundwall et al., 2006b ). Further phylogenetic studies have suggested five main subfamilies with shared recent ancestry, namely KLK4, 5, 14; KLK9, 11, 15; KLK10, 12; KLK6, 13; and KLK8, 1, 2, 3 (Elliott et al., 2006) . No KLK was found in the non-mammalian species examined thus far .
Bayesian phylogenetic analyses of the KLK locus of the genome of human, chimpanzee, mouse, rat, dog, pig, and opossum indicate that these species carry at least one copy of the KLK4-15 . Interestingly, ''classic'' KLKs exhibit the most variability in the number of gene copies, with the highest number of duplications in rodents . Given that the number of gene copies are similar in marsupial species, the majority of duplication events probably date back to 125-175 million years ago, prior to the marsupialplacental divergence . Despite major progress in understanding of the phylogenetic changes of the KLK family, evolutionary processes of KLK4/KLK5 has mainly remained a mystery. KLK4 is reportedly missing in the mono-delphine genome . However, whether the gene was deleted or was duplicated post marsupial lineage divergence is still not clear. Given that KLK4 is highly varies among other mammalian species supports the latter hypothesis . Lastly, the phylogenetic tree constructed from both individual genes and concatenated KLKs suggest a tandem duplication mechanism of sister taxa, including KLK9/KLK11 and KLK10/KLK12 .
The predicted number of clades is expected to decline as the genome of more primitive mammals becomes available. The rapidly accumulating phylogenetic data are expected to provide new clues on the biological significance of the family.
4.
Substrate specificity
Based on their substrate binding pocket, KLKs are broadly grouped into two clans of chymotrypsin-like and trypsin-like serine proteases ). Experimental and in-silico analyses indicate that the majority of KLKs, namely KLK1, 2, 4-6, 8, 10-15, contain an asparatic or glutamic acid residue at the base of their substrate pocket, enabling them to cleave peptide bonds following a positively-charged amino acid residue ). The remaining KLKs, i.e. KLK3, 7, and 9, contain a hydrophobic expressed as pre-proenzymes. The amino-terminal pre-(signal) sequence guides the enzyme to the endoplasmic reticulum for secretion. Proenzymes are activated extracellularly upon cleavage of the pro-domain. H57, D102, and S195 are the amino acids of the catalytic triad. 
S-S-S-RYI-I-N (Brattsand and Egelrud, 1999) 
a Activation sites are shown by arrows. Note that, with the exception of KLK4, all KLKs are activated upon cleavage after arginine or lysine amino acid residues.
pocket mainly suited for cleavage of substrate scissile bonds with bulky hydrophobic amino acids such as phenylalanine, tryptophan and tyrosine . Substrate specificities of a large number of KLKs have been determined experimentally, using diverse techniques such as phage display, combinatorial libraries, fluorescence resonance energy transfer (FRET) peptide libraries, and kinetic assays (Deperthes, 2002; Magklara et al., 2003; Harris et al., 2000; Angelo et al., 2006) . Substrate selection through the phage display is carried out, using a library of random nucleotide sequences coding all possible combinations of amino acids. These sequences are expressed at the phage surface. Recombinant phages are then fused to a ligand and immobilized on an affinity support through a receptor. Phages expressing desired substrates are released by proteolysis with the protease of interest. Selectivity is improved by multiple rounds of selection. Finally, fragments cleaved by the protease are identified by sequencing phage DNA (Deperthes, 2002) . So far, phage display technology has been utilized in substrate recognition of KLK2 and 14 (Cloutier et al., 2002; Felber et al., 2006) . KLK14 exhibits both trypsin and chymotrypsin-like activity, which has further been confirmed using kinetic assays (Felber et al., 2006; Borgono et al., 2006b) .
Alternatively, positional scanning synthetic combinatorial libraries (PS-SCLs) can be employed to determine substrate recognition (Thornberry et al., 1997) . The newly modified PS-SCL screening approach, using ACC (7-amino-4-carbamoyl methylcoumarin) as the fluorogenic leaving group, has emerged as an alternative approach for rapid substrate profiling (Harris et al., 2000) . In this approach, a library comprised of 4 sublibraries of fixed P1-4 positions, each containing the twenty canonical amino acids, is constructed. The three remaining positions of each sublibrary contain an equimolar mixture of amino acids (Debela et al., 2006b ). This approach has been used to verify substrate preference of KLK3-7 and 10-11 (Debela et al., 2006b) . Interestingly, KLK10 and 11 were shown to have a dual chymotrypsin-and trypsin-like substrate specificities (Debela et al., 2006b) . Similarly, a library of FRET peptides has been utilized in KLK6 substrate identification (Angelo et al., 2006) .
Lastly, potential endogenous substrates of several KLKs have been identified, using fluorogenic or colourimetric conjugated, or full-length substrates (Table 2 ). 
5.
Physiological functions
KLKs are expressed in diverse cell populations and have been implicated in a wide range of physiological processes. Due to their early discovery, functional roles of the ''classical'' KLKs have long been studied. KLK1 is expressed in a large number of tissues, including kidney, blood vessels, central nervous system, pancreas, gut, salivary and sweat glands, spleen, adrenal and neutrophils, suggesting a paracrine nature of the enzyme (Moreau et al., 2005) . KLK1 has also has been detected in plasma, possibly originating from exocrine glands (Moreau et al., 2005) . KLK1 primarily functions through the release of kallidin (KD) mainly from the low molecular weight kininogen (LK) (Moreau et al., 2005) . The kinin-mediated signaling pathway of KLK1 has been implicated in a number of processes, including regulation of blood pressure, smooth muscle contraction, neutrophil chemotaxis, pain induction, vascular permeability, electrolyte balance, and inflammation . Additional functions associated with KLK1 include processing of growth factors and peptide hormones, increased nitric oxide formation, and reduced oxidative stress , Pro-MMP2, 9, IGFBP3 Kallistatin, PCI, a 1 AT, placental bikunin KLK2 Asp Trypsin-like Seminogelin I/II, fibronectin, pro-uPA Rehault et al., 2001) , IGFBP 2, 3, 4, 5 (Rehault et al., 2001) , ADAMTS8, collagen IX-a chain (Cloutier et al., 2002) PCI, PI-6, PAI-1, ATIII, a 2 M KLK3 Ser Chymotrypsin-like Seminogelin I/II, fibronectin, laminin, lysozyme, plasminogen, TGF-b, PTHrp , IGFP3, 4 (Rehault et al., 2001) ACT, a 2 M, PCI, a 1 AT, ATIII KLK4 Asp Trypsin-like Pro-uPA, PAP , enamelin (Yamakoshi et al., 2006) a 2 M, a 2 AT, a 2 AP (Obiezu et al., 2006) KLK5 Asp Trypsin-like Collagens type I, II, III, IV, fibronectin, laminin, plasminogen, LMW kininogen, fibrinogen , hCAP18 (Yamasaki et al., 2006) , CDSN, DSG1, DSC1 (Caubet et al., 2004) a 2 M, a 2 AP, ATIII , LEKTI (Schechter et al., 2005) KLK6 Asp Trypsin-like Fibrinogen, fibronectin, laminin, collagen types I and IV, APP, plasminogen , MBP, ionotropic glutamate receptor (Angelo et al., 2006) ATIII, a 2 AP, a 1 AT, ACT KLK7 Asn Chymotrypsin-like IL-1b, corneodesmosin , hCAP18 (Yamasaki et al., 2006) , fibrinogen , CDSN, DSC1 (Caubet et al., 2004) LEKI (Schechter et al., 2005) a 2 M, a 2 AP, ACT KLK14 Asp Trypsin/Chymotrypsin-like Collagens I-IV, fibronectin, laminin, kininogen, fibrinogen, plasminogen, vitronectin and IGFBP 2, 3 (Borgono et al., 2006b ), matrilin4 a 1 -AT, a 2 -AP, AT III and a 1 -ACT (Borgono et al., 2006b) KLK15 Glu Trypsin-like Please see ''abbreviation'' for full names of proteins. Yao et al., 2006) . Recent evidence suggest that KLK1 may also function independent of kininogens (Biyashev et al., 2006) . The remaining ''classic'' KLKs, KLK2 and 3, have extensively been examined due to their restricted expression mainly in prostate and seminal plasma. Activated KLK2 and 3 are believed to contribute to seminal clot liquefaction through hydrolysis of seminal vesicle proteins, i.e. seminogelin I and II, and fibronectin that are essential for sperm motility (Malm et al., 2000) .
Other members of the KLK family have also been suggested to play a role in semen liquefaction. For instance, recent evidence has implicated KLK5 in a proteolytic cascade in seminal plasma . Similarly, KLK11 has been detected at a relatively high level (2-37 mg/mL) in seminal plasma, 40% of which were found to be active and might potentially be involved in semen liquefaction .
Furthermore, recent studies provide compelling evidence that KLKs may play an essential role in the normal physiology of skin. KLK5 and 7 were originally isolated and cloned from the stratum corneum (SC), the outermost layer of skin (Hansson et al., 1994; Brattsand and Egelrud, 1999) . Subsequent substrate analysis suggested that these KLKs might be involved in skin desquamation through processing of main adhesive proteins of the extracellular corneodesmosomes, i.e. corneodesmosin (CDSN), desmoglein 1 (DSG1), and desmocollin 1 (DSC1) (Caubet et al., 2004) . KLK5 was shown to cleave all three components, while KLK7 was able to digest only CDSN and DSC1 (Caubet et al., 2004) . Further immunohistochemical studies revealed the subcellular localization of KLK7 in lamellar bodies in the stratum granulosum and its subsequent transport to the extracellular space of SC, supporting the proposed role of KLK7 in desquamation (Sondell et al., 1995) . Additional in-vitro studies suggested an activation mechanism of KLK7 through a proteolytic cascade, involving KLK5, 7, and 14 . In addition to KLK5 and 7, varying levels of KLKs 1, 6, 8, 10,11, and 13 have been reported in SC (Komatsu et al., 2005a; Borgono et al., 2006a) . KLK1, 5, 6, and 14 are believed to be involved in skin desquamation through processing of DSG1 (Borgono et al., 2006a) . In particular, KLK14 has been suggested to play a major role in skin remodeling as it contributes to approximately half of the total trypsin-like proteolytic activity in the SC layer (Stefansson et al., 2006) . Similarly, based on the reported features of KLK8 knockout mouse, KLK8 may play an overlapping function in skin desquamation through processing of DSG1 and CDSN .
Recent data has shown an additional antimicrobial function of KLKs in skin through the regulation of cathelicidin peptides (Yamasaki et al., 2006) . KLK5 and 7 were found to efficiently cleave cathelicidin precursor (hCAP18) to its mature form (LL-37), in-vitro (Yamasaki et al., 2006) . Moreover, mice lacking the serine protease inhibitor LEKTI exhibit an increased antimicrobial activity in skin, further supporting the hypothesized function of KLKs in skin immune defense ( Fig. 3) (Yamasaki et al., 2006) .
Several reports suggest a possible role of KLKs in the processing of hormones. For instance, a large number of KLKs (KLK5-8 and 10-14) are reportedly expressed in the pituitary gland, some of which co-localize with the human growth hormone (hGH) (Komatsu et al., 2007) . With the exception of KLK10-12, these KLKs were shown to cleave hGH, in-vitro (Komatsu et al., 2007) . Similarly, various immunohistochemical reports suggest that KLK1, 6, 10, and 13 are strongly expressed in the islets of Langerhans and may regulate prohormone activation of insulin, glucagon, somatostatin, and pancreatic polypeptide (Petraki et al., 2001 (Petraki et al., , 2002 Pinkus et al., 1983) .
Furthermore, accumulating data suggest a potential role of KLKs in the central nervous system (CNS). So far, the main focus has been on KLK6 and 8, as they show a distinct expression pattern in the CNS of adult human (Yousef et al., 2003a) . KLK6 was reportedly expressed in the peripheral nerves, choroid plexus epithelium, and some neuroendocrine cells of the CNS (Petraki et al., 2001) . Similarly, KLK8 is preferentially expressed in adult CNS, particularly in the brain (Yousef et al., 2003a; Tarttelin et al., 2003) . Despite the convincing expression data in human, most of our current knowledge of KLK physiology in the CNS comes from the work done on rodents. It is reasoned that since these KLKs exhibit a high level of similarity (>70%) to their rodent orthologs, the function of these proteins is more likely conserved (Terayama et al., 2004; . There is accumulating data that rodent KLK6 and 8 are critical in neural and brain development. For instance, KLK8
À/À mice exhibit a severe loss of long-term potentiation (LTP), required for the hippocampus-associated memory formation (Tamura et al., 2006) . KLK8 is believed to be involved in LTP by modifying the morphology of excitatory synapses by changing their adhesiveness (Tamura et al., 2006) . Analogous to KLK8, the mouse ortholog of KLK6 has been suggested to play a major role in CNS development through the maintenance of myelination in oligodendrocytes (OLGs) . Similarly, the rat ortholog of KLK6 has been implicated in the regulation of CNS demyelination (Angelo et al., 2006) .
Lastly, a putative function for KLK4 has recently been proposed, based on the expression profile, mutational pattern, and substrate specificity of the protein. KLK4 was originally purified and cloned from porcine enamel extract and was designated as enamel matrix serine protease 1 (EMSP1) (Simmer et al., 1998) . Subsequent mutational analysis of individuals with amelogenesis imperfecta (AI) has revealed a mutation in the KLK4 gene, suggesting a possible role of KLK4 in enamel formation (Hart et al., 2003 (Hart et al., , 2004 Stephanopoulos et al., 2005; Kim et al., 2006; Wright et al., 2006) . Using purified porcine proteins, it was further shown that KLK4 cleaves the 32-kDa fragment of enamelin, normally accumulating in the deeper layers of enamel (Yamakoshi et al., 2006) .
Cancer pathobiology
Accumulating evidence indicates that the KLK family is dysregulated in cancer. Notably, KLKs exhibit a differential expression pattern and confer a coordinated pattern of upor down-regulation . Given their distinct expression profile in various malignancies, particularly in endocrine-related carcinomas, the KLK family was shown to represent a rich source of tumour biomarkers. KLK3/PSA has received by far the most attention as a valuable tumour marker for screening, diagnosis, and monitoring of prostate cancer (Paliouras et al., 2007) . In addition to KLK3, KLK2, 5, 11, 14, and 15 might function as complementary biomarkers in diagnosis/prognosis of prostate cancer (Stephan et al., 2003; Kurlender et al., 2004; . Similarly, KLK3, 5, 7, 9, 14, 15 represent potential biomarkers for breast cancer (Yu et al., 1998; Borgono et al., 2003; Yousef et al., 2003b,c; Stephan et al., 2003; Talieri et al., 2004) . Finally, KLK5-11, 13, and 14 have been suggested as tumour biomarkers for ovarian cancer (Yousef et al., 2003b; Diamandis et al., 2003; Kyriakopoulou et al., 2003; Kishi et al., 2003; Yousef et al., 2001b; Luo et al., 2003; Scorilas et al., 2004; Borgono et al., 2003) . In addition to these endocrine-related cancers, emerging reports suggest the utility of KLK biomarkers in other carcinomas, including the non-hormonal malignant mesothelioma and intracranial malignancies (Prezas et al., 2006; Davidson et al., 2007) . Despite significant progress in understanding the biomarker utility of the KLK family, their pathophysiology in cancer remains insufficiently understood. Emerging evidence indicates a possible role of the KLK family in diverse cancerrelated processes, including tumour growth, angiogenesis, invasion, and metastasis.
Tumour growth
There is emerging evidence that KLKs might participate in early neoplastic progression by regulating tumour cell proliferation . KLK-mediated tumour growth is believed to be modulated mainly through insulin-like growth factors (IGFs) . IGF proteins are the key components of growth during embryonic, fetal, and postnatal development (Rosenfeld, 2003) . They are primarily bound to their respective binding proteins (IGFBPs), which are believed to increase the half-life of the IGFs and their delivery to target tissues (Yakar et al., 1999) . There is some evidence that high level of IGFBP3, a binding partner of IGF1, can prevent tumour development (Samani et al., 2006) . KLK2, and 3 are believed to cleave a number of IGFBPs and as a result, may indirectly be involved in tumour growth (Rehault et al., 2001) . In spite of strong in-vitro evidence, the ability of these KLKs to digest circulating IGBFB proteins and their correlation with in-vivo tumour growth is still debatable (Koistinen et al., 2002; Peternac et al., 2006) . Based on the substrate specificity of the remaining KLKs, KLK4, 5, and 14 are also suggested as potential upstream regulators of IGFBPs (Borgono et al., 2006b; Michael et al., 2005; Matsumura et al., 2005) . Conversely, KLK3 and 10 have been implicated in tumour growth suppression. Correlative clinical studies indicate that these KLKs are downregulated in several advanced-stage malignancies . However, gene expression seems to vary among different cancers. For example, while KLK10 has been reported to be downregulated in breast and prostate cancers, it is upregulated in ovarian, pancreatic, and colon carcinomas (Yousef et al., 2005) . Similarly, KLK3 is reportedly downregulated in progressive breast and prostate cancer (Yu et al., 1998; Stege et al., 2000) . Accordingly, KLK3 was shown to induce the expression of putative tumour-suppressor genes, including IFN-d, and suppress tumor growth promoters, such as uPA, VEGF, and Pim-1 oncogene, in the PC-3M prostate cancer cell line treated with free KLK3 purified from seminal plasma (Bindukumar et al., 2005) . The reported ability of KLK3 to reduce tumour load in PC-3M tumor-bearing nude mice (Bindukumar et al., 2005) , further supports a tumour suppressor function of KLK3. Similarly, anchorage-independent growth and tumour formation in nude mice is reportedly suppressed in MDA-MB-231 breast cancer cell implants, stably expressing KLK10 (Goyal et al., 1998) . Despite the evidence in favour of the tumour-inhibiting role of these KLKs, their pathological function in-vivo is still controversial. For instance, one study reports that KLK3 has no inhibitory effect on the growth of prostate cancer cell lines PC3, DU145, stably expressing pro-KLK3 (Denmeade et al., 2003) .
Angiogenesis
Tumour angiogenesis, characterized by the formation of new blood vessels from existing vasculature, is a critical process in tumour maintenance and metastasis (Fidler, 2000) . Angiogenesis in neoplasms often begins with an imbalance in angiogenic molecules favouring pro-factors (Fidler, 2000) . There is compelling evidence that KLKs may stimulate the process by facilitating blood vessel remodeling and modulating the balance between angiogenic activators and inhibitors . Angiogenesis can further progress when the basement membrane of existing blood vessels and their surrounding ECM is degraded, allowing endothelial cells to migrate into the stroma of the neighbouring tissue (Fidler, 2000) . The invading cells then proliferate and coalesce into new capillary tubes. KLKs are believed to be directly involved in the process of endothelial cell invasion and migration by processing ECM components (Table 2) . KLKs may also mediate ECM remodeling indirectly through the MMPs, uPA, and kinin signaling pathways. For instance, KLK1 activates pro-MMP1, 2, and 9 (Desrivieres et al., 1993; Menashi et al., 1994; Saunders et al., 2005) . Furthermore, KLK2, 4, and 12 signal through the uPA system, which results in plasmin formation (Takayama et al., 2001; Giusti et al., 2005; Wang, 2001; Frenette et al., 1997) . Plasmin, in turn, degrades a large number of ECM proteins, including fibronectin, laminin, proteoglycans, and fibrin, and activates latent collagenases (Sidenius and Blasi, 2003) . Likewise, KLK1 and 12 are expressed by endothelial cells and are believed to function through the kinin signaling pathway (Emanueli et al., 2001; Giusti et al., 2005) . Active kinin promotes angiogenesis by upregulation of bFGF or stimulation of VEGF formation (Colman, 2006) .
In contrast, certain KLKs could suppress angiogenesis. For example, KLK3, either purified from the seminal plasma or expressed recombinantly, was shown to prevent angiogenesis in-vitro (Fortier et al., 1999 (Fortier et al., , 2003 . The anti-angiogenic effect of recombinant KLK3 was further demonstrated in-vivo, using matrigel plug assay in wild type mice (Fortier et al., 2003) . Interestingly, the antagonistic function of KLK3 was independent of its enzymatic activity (Fortier et al., 2003) . KLK3 is believed to prevent vasculature formation through angiostatin-like components, potent inhibitors of endothelial cell proliferation and angiogenesis (Heidtmann et al., 1999) . In addition to KLK3, in-vitro data indicate that KLK5, 6, and 13 can potentially generate angiostatin-like fragments from plasminogen Emanueli et al., 2001; Bayes et al., 2004; Sotiropoulou et al., 2003) .
Invasion and metastasis
Having independent blood supply, primary tumour cells gain the propensity to leave their stromal niche, invade the surrounding tissue, enter the vascular system and ultimately colonize distant organs (Christofori, 2006) . Cell motility is primarily achieved by the conversion of the newly metastasized epithelial cells to a migratory mesenchymal morphology, a process known as epithelial to mesenchymal transition (EMT) (Christofori, 2006) . These cells consequently break down the basement membrane, connective tissue and the surrounding ECM of the neighbouring normal epithelial cells in order to infiltrate the underlying interstitial stroma. In a recent study, KLK3 and 4 have been reported to be involved in phenotypical changes that could be indicative of EMT (Veveris-Lowe et al., 2005) . Stable expression of these KLKs in the prostate cell line PC-3 resulted in an increase in cell invasiveness (Veveris-Lowe et al., 2005) . Transfected cells reportedly acquired mesenchymal characteristics and lost certain morphological features unique to epithelial cells (Veveris-Lowe et al., 2005) . Predominantly, a significant loss of E-cadherin, a member of the calcium-dependent cell-cell adhesion molecules, and expression of the mesenchymal molecule vimentin were observed (Veveris-Lowe et al., 2005) . Accordingly, the observation that suppressing KLK3 attenuates invasion in the LNCaP prostate cancer cells (Webber et al., 1995; Ishii et al., 2004 ) is consistent with the proposed function of KLK3 in EMT. However, a reduced number of surface lung metastases was found in mice treated with KLK3, suggesting that KLK3 inhibits tumour metastasis (Fortier et al., 1999) . Whether the metastatic role of KLK3 is cellspecific or is counterbalanced by its anti-angiogenic effect in-vivo needs to be further investigated.
In addition to their proposed function in EMT, KLKs have been implicated in metastatic dissemination through ECM remodeling. As mentioned previously, numerous in-vitro substrate studies have indicated a direct or indirect involvement of KLKs in degradation of various ECM proteins, including fibronectin, collagen, laminin, and proteoglycans. Furthermore, KLKs might participate in tissue degradation through the uPA and MMP signaling pathways. As discussed above, plasmin, a key player in ECM degradation, can be activated from plasminogen by the uPA-uPA receptor (uPAR) complex. It has been postulated that KLK4 can mediate the tumour-related plasminogen activation by activating the proenzyme of uPA or cleaving its cell-surface receptor (Takayama et al., 2001; Beaufort et al., 2006) .
Lastly, recent findings indicate a possible role of several KLKs in bone metastasis. Bone metastasis in cancer is broadly divided in two categories, osteoclastic and osteoblastic, based on the type of activated precursor cells. Even though these classes are non-exclusive, one often predominates the other, depending on the neoplastic origin of the tumour (Sohara et al., 2005) .
Osteoblastic bone metastasis has the highest prevalence in prostate cancer and is characterized by increased osteoblast proliferation and reduced osteoclastic activity (Goya et al., 2006; Sohara et al., 2005) . Several lines of evidence indicate that KLK3 can induce osteoblastic proliferation and osteoclast apoptosis in-vitro and in-vivo (Goya et al., 2006; Yonou et al., 2001) . Direct injection of KLK3 or KLK3-producing prostate cancer cells into nude mice implanted with human adult bone exhibit a marked increase of osteoblast proliferation, accompanied by osteoclast apoptosis (Goya et al., 2006; Yonou et al., 2001 ). These results were further verified in-vitro, using murine bone precursor cells (Goya et al., 2006; Yonou et al., 2001) . Accordingly, KLK3 suppression either through neutralizing antibodies or siRNA, abrogated prostate cancer cell adhesion to bone marrow endothelial cells (Romanov et al., 2004) . Although the functional mechanism of KLK3-induced bone metastasis is not fully understood, an autonomous function independent of tumour growth factors has been proposed (Yonou et al., 2001) . However there are several reports indicating a possible signaling through latent TGFb or other cell surface receptors (Yonou et al., 2001; Killian et al., 1993) .
7.
Non-malignant disorders
As discussed previously, KLKs play an important role in SC desquamation and are critical in the maintenance of skin barrier function. Desquamation is a complex biological event, exquisitely regulated through a series of biological checks and balances. Imbalances in the proteolytic activity of KLKs, either as a result of gene over-expression or dysregulated activity, is considered as one of the main etiological factors in a number of skin disorders, including chronic itchy dermatitis, peeling skin syndrome, psoriasis, atopic dermatitis, and Netherton syndrome (Komatsu et al., 2005b; Hachem et al., 2006; Komatsu et al., 2006; Hansson et al., 2002; Ekholm and Egelrud, 1999) . Clinical studies indicate that the expression of multiple KLKs is significantly up-regulated in psoriasis, atopic dermatitis, peeling skin syndrome type-B, and chronic lesions of atopic dermatitis (Hansson et al., 2002; Komatsu et al., 2005b Komatsu et al., , 2006 . Furthermore, mutational analyses in patients with Netherton syndrome (NS), an autosomal recessive skin disorder, have identified several frame shifts and non-sense mutations in the SPINK5 gene encoding for LEKTI (Komatsu et al., 2002; Chavanas et al., 2000; Sprecher et al., 2001) . Such genetic defects lead to truncation of the protein and loss of inhibitory domains (Chavanas et al., 2000; Sprecher et al., 2001) . As mentioned previously, LEKTI is a serine protease inhibitor shown to repress the proteolytic activity of several KLKs, including KLK5, 6, 7, 13, and 14 (Egelrud et al., 2005; Borgono et al., 2006a) . As expected, a reduced level of LEKTI domains and uninhibited serine protease activity of KLKs have been observed in the SC of NS patients, as well as the disease model, namely spink5 À/À mice (Komatsu et al., 2002; Descargues et al., 2005 Descargues et al., , 2006 Hachem et al., 2006) . According to clinical data and their putative physiological functions, several KLKs have been implicated in a number of other disorders, including oral and maxillofacial and neurodegenerative disorders. For instance, the expression of KLK6, 7, and 10 are reportedly altered in patients with Alzheimer's disease (AD) and frontotemporal dementia (FTD), which may have some utility as diagnostic biomarkers (Yousef et al., 2003a; Diamandis et al., 2004) .
Lastly, aberrant KLK-kinin signaling and their role in a wide range of pathological processes, including inflammation, hypertension, and renal diseases have extensively been investigated (for reviews see Refs. Moreau et al., 2005; Sharma, 2006; Chao and Chao, 2005) .
Signaling mechanisms
Emerging evidence suggests that KLKs function partly through cross-talk with other signal transduction pathways. Signaling through active kinins, uPA, protease activated receptors (PARs), and MMPs have so far been examined (Emami and Diamandis, 2007) (Fig. 4) . KLK signaling through kinins is one of the most well-characterized signaling pathways studied thus far. KLK1, 2, and more recently 12, were shown to release active kinins (Lys-bradykinin or kallidin) from the kininogens, in particular the low molecular weight kininogens (LK) (Campbell, 2001; Giusti et al., 2005) . Subsequently, active kallidin mediates signaling mainly through two types of G-proteincoupled receptors (GPCRs), designated as B1 and B2 (Moreau et al., 2005) . The binding of kinin peptides to their respective receptors activates a number of downstream targets such as nitric oxide (NO), cGMP, prostacyclin and cAMP, which in turn induce a wide range of biological processes involved in angiogenesis, vasodilatation, smooth muscle contraction/relaxation, inflammation and pain . In addition to the kinin system, certain KLKs, e.g. KLK2 and 4, can cross-talk with the uPA-uPAR signaling pathway. KLK2 was shown to cleave and activate the single chain uPA at Lys 158 (Frenette et al., 1997) . Further studies indicate an alternative route through complexing and inactivation of PAI-1, the main inhibitor of uPA in tissues (Mikolajczyk et al., 1999) . Similarly, as mentioned previously, active chimeric KLK4 was found to activate uPA, in-vitro (Takayama et al., 2001) . Plasminogen activation through the uPA/uPAR signaling has been implicated in a broad spectrum of biological effects, including cleavage of various ECM components and MMP activation. MMP activation has also been suggested to occur directly through several KLKs . Lastly, emerging evidence suggests that KLKs can activate and signal through several members of the PAR family (Oikonomopoulou et al., 2006) . PARs are members of the seven transmembrane GPCR superfamily and are activated by serine proteases (Dery et al., 1998) . Activation is achieved via cleavage of a portion of the extracellular N-terminus of the receptor, resulting in formation of a tethered ligand and activation of the cleaved receptor (Dery et al., 1998) . The PAR family functions through the recruitment of several different heterotrimeric G proteins. The activation of Gq results in Ca 2þ mobilization and PKC activation through its a-subunit (Dery et al., 1998) , whereas signaling through G i can suppress cAMP formation through adenylyl cyclase suppression (Dery et al., 1998) . Alternatively, the bg-complex of G i can induce a number of tyrosine kinases and subsequent activation of the MAP kinases (Dery et al., 1998) . In a recent study, KLK5, 6, and 14 were shown to cleave the activation domain of PARs 1, 2, and 4, in-vitro (Oikonomopoulou et al., 2006) . KLK14-mediated cleavage of PAR2 was further confirmed in rat PAR2-expressing KNRK (Kirsten virustransformed normal rat kidney) cells (Oikonomopoulou et al., 2006) . As mentioned above, PARs have been implicated in Ca 2þ mobilization. The Ca 2þ -mediated signaling was shown to be modulated in KNRK cells by all three KLKs, with the highest level in KLK14 (Oikonomopoulou et al., 2006) . A similar result was observed in the HEK (human embryonic kidney) cells transfected with PAR1, PAR2, or both (Oikonomopoulou et al., 2006) .
As well, KLK14 was found to have a preference towards PAR2, as determined by pre-desensitization of receptors (Oikonomopoulou et al., 2006) . PAR1 and 2 activation was further confirmed in-vivo, as a distinct rat/mouse aorta ring relaxation was observed upon KLK treatment (Oikonomopoulou et al., 2006) . Additional data indicates a possible negative regulatory feedback system through which KLK14 deactivates PAR1. Lastly, analogous to PAR2, PAR4 was found to be activated by KLK4 in the rat platelet cells lacking other PARs and PAR4-transfected HEK cells (Oikonomopoulou et al., 2006) .
9.
Proteolytic activation cascades
Proteolytic processes are often mediated by highly orchestrated cascades, through which protease enzymes function coordinately to ensure a stepwise activation (Amour et al., 2004) . These cascades can be organized into three main consecutive phases of initiation, propagation, and execution (Amour et al., 2004) . Upon stimulation, ''initiator'' zymogens (pro-enzymes) are self-activated by autocatalysis. Active initiators then convert downstream ''propagator'' proteases, which, in turn, catalyse the processing of the following ''executor'' zymogens. Active executers then elicit proper signals in order to repair or block adverse effects of the stimuli. Such cascades result in a rapid and highly controlled amplification of active proteases and physiologically safe proteolysis. Proteolytic cascades have extensively been examined in a large number of protease families and are well characterized in vital physiological processes, such as coagulation-fibrinolysis, caspase-mediated apoptosis, and the complement system in both innate and acquired immunity (Schenone et al., 2004; Chowdhury et al., 2006; Kemper and Atkinson, 2007) . There is accumulating evidence suggesting that KLKs exert their physiological function through highly regulated proteolytic cascades. All KLKs, with the exception of KLK4, contain a pro-peptide with lysine or arginine in their C-termini, suggesting their activation by trypsin-like proteases (Table 1) . However, as mentioned previously, some of the KLKs are chymotrypsin-like and thus require other trypsin-like proteases for their activation (Table 2) . These data are suggestive of a network consisting of multiple KLKs, acting as initiators, propagators, and executors. Moreover, the majority of KLKs exhibit common regulatory mechanisms (through steroids) and dysregulation patterns in various pathological conditions, which further supports the proposed cascade-mediated activation mechanism (Yousef and Diamandis, 2002) .
Experimental data demonstrating proteolytic cascades with KLKs are emerging. For instance, KLK2, 3, and 5 were recently shown to participate in a proteolytic cascade in seminal plasma (Fig. 5A) Kumar et al., 1997; Vaisanen et al., 1999) . These KLKs have previously been identified in seminal plasma and prostate tissues (Lovgren et al., 1999b; Rittenhouse et al., 1998; Wang et al., 1979) . KLK5 was shown to autoactivate and in turn, activate pro-KLK3 . Activated KLK3, consequently, sends negative feedbacks to deactivate KLK5 . Similarly, active KLK2 has been reported to cleave and activate pro-KLK3, in-vitro (Kumar et al., 1997; Vaisanen et al., 1999) . However, one study reports that active KLK2 is unable to cleave the propeptide sequence of KLK3 (Denmeade et al., 2001) , calling into question the previous findings.
Additional evidence supporting proteolytic cascades of KLKs comes from the in-vitro work done with KLK5, 7, and 14 . KLK5 was shown to autoactivate and activate KLK7 and 14. Activated KLK14 is believed to in turn , and endogenous inhibitors. B) Kallikrein cascade in skin. KLK5 autoactivates and activates KLK14 and 7, which, along with active KLK1, 6, and 13 function in skin desquamation through degradation of the corneodesmosomal proteins, i.e. desmogelin1 (DSG1), desmocollin1 (DSC1), and corneodesmosin (CDSN). Desquamation is regulated by of various serine protease inhibitors, such as SLPI, elafin, and certain LEKTI domains. For more definitions, please refer to our non-standard abbreviations.
send positive feedbacks to amplify the KLK5 activation (Fig. 5B) . Given their coexpression pattern in the SC of skin, this cascade has been associated with the desquamatory function of KLKs .
10.
Regulatory mechanisms
Transcriptional regulation
Hormone-dependent control of gene expression is a complex mechanism and is essential in a large number of physiological processes. Transcriptional regulation by steroid hormones is one of the best characterized model systems for studying the hormonal regulation of transcription (Beato, 1989) . Gene regulation by steroid hormones is initiated by receptor complexing of the hormone and release of the Hsp90 protein bound to the receptor (Rousseau, 1984; Picard, 2006) . Hsp90 is a ubiquitous chaperone protein regulating the activity of various signaling proteins, including steroid hormone receptors (Picard, 2006; Zhao and Houry, 2005) . The receptor complexes dimerize upon release of Hsp90 and bind to the cis-acting sequences of the target gene to induce gene expression (Beato, 1989) . Such transcriptional events are further controlled through phosphorylation of receptors by general transcription factor-related kinases, e.g. cdk7 within TFIIH or other signaling pathways, e.g. MAPKs, Akt, PKA, and PKC (Rochette-Egly, 2003) . Accumulating evidence indicates that the majority of KLKs are under steroid hormone regulation. KLK expression was shown to be significantly induced in steroid-treated cell lines both at the mRNA and protein levels . Subsequent in-silico and deletion analysis identified a number of hormone response elements (HREs) distal to transcriptional start sites of several KLKs. For example, three androgen response elements have been identified in the KLK3 promoter. Two of these regulatory regions, identified at À170 to À400 bp of KLK3 promoter regions, were shown to act cooperatively (Cleutjens et al., 1996) . A SNP (single nucleotide polymorphism) located at the first regulatory region was further shown to associate with receptor binding and KLK3 expression (Lai et al., 2006) . In addition, a more potent enhancer, located at w À 4000 bp, was reported and verified using DNAseI-hypersensitivity assay (Schuur et al., 1996; Cleutjens et al., 1997) . Similarly, two androgen regulatory regions, at position À170 bp and À3000 bp, have been determined experimentally in KLK2 (Murtha et al., 1993; Yu et al., 1999) . Further studies suggest that additional regulatory factors are indirectly involved in the transcriptional regulation of these KLKs. For instance, a Fos-containing protein complex was found to bind distal to the AREs of KLK2 and KLK3 promoters and regulate androgen-mediated gene expression (Sun et al., 1997) . As well, a number of co-regulatory factors, e.g. SRC-1, AIB1, ARA24, ARA54, FHL2, and PDEF, have been identified in varying amount in several breast cancer cell lines (Magklara et al., 2002) . It has been postulated that these factors modulate the expression of KLK2 and 3, in cooperation with androgen receptors (Magklara et al., 2002) . In addition, androgen-mediated gene expression in KLK3 was found to significantly be potentiated, through a novel regulatory element (Wang et al., 2003) . In contrast, a negative cis-acting regulatory region, recruiting both the p65 component of the NFkB and androgen receptor, was identified in the promoter region of KLK3 (Cinar et al., 2004) . Similarly, androgen-mediated KLK3 expression was found to be significantly reduced in prostate cell lines with constitutively active Ras/MAPK pathway (Bakin et al., 2003) , suggesting the regulatory function of receptor phosphorylation in KLK expression.
Recent reports demonstrated a synergistic hormonal regulation in KLKs, suggesting a control mechanism through single locus regions (Paliouras and Diamandis, 2006b ). For instance KLK10, 11, 13, and 14 were found to be coordinately regulated by dihydrotestosterone (DHT) and norgestrel in several breast cancer cells (Paliouras and Diamandis, 2006b ). Interestingly, none of these genes contain characterized HREs, suggesting an indirect function of steroid hormones as trans-acting transcriptional regulators of KLK expression (Paliouras and Diamandis, 2006a,b) .
Alternatively, KLK expression can be regulated through epigenetic factors, in particular DNA methylation. For instance, KLK10 downregulation has been associated with the hypermethylation of CpG islands in breast cancer and lymphoblastic leukemia (Li et al., 2001; Sidiropoulos et al., 2005) . A similar regulatory mechanism has been reported for the KLK6 gene .
Regulation of proteolytic activity
Due to the irreversible nature of proteolytic activation, proteases often remain as inactive zymogens in quiescent state. Activation is often triggered by an external stimulus and, as mentioned previously, mediated through proteolytic cascades. These cascades are tightly regulated through a series of highly orchestrated feedback loops and inhibitors, to prevent deleterious effects due to uncontrolled protease activation. Dysregulated proteolysis has been implicated in several pathological conditions, such as amyloidogenesis in Alzheimer's disease, intravascular coagulation in sepsis and neoplastic progression in various carcinomas (Amour et al., 2004; Sidera et al., 2004; Borg, 2004) .
For KLKs, protease activity is believed to be regulated at the level of zymogen activation and/or, later on, through endogenous inhibitors. Several in-vitro studies suggest that KLK activation is regulated through various regulatory feedback loops. For instance, as mentioned previously, KLK5 activation was shown to be positively regulated by active KLK14, while negatively controlled by active KLK 3 Michael et al., 2006) . In addition, several reports indicate a possible inactivation mechanism in KLK2, 6, 7, 13, and 14 through internal cleavages and subsequent degradation (Hansson et al., 1994; Lovgren et al., 1999a; Sotiropoulou et al., 2003) . Degradation may be autolytic or mediated through other proteases. Furthermore, divalent ions such as zinc have been shown to reversibly inhibit certain KLKs, including KLK2, 3, and 5 Michael et al., 2005) . These control mechanisms are of essential importance in-vivo, as they assure an adequate physiological response.
Alternatively, protease activity can be regulated through endogenous inhibitors.
The inhibitory mechanism of the serine protease inhibitors has been characterized in detail. Proteases are shown to form transient non-covalent complexes with respective inhibitors. The complex can consequently progress to the ''inhibitory pathway'' through a molecular ''trap'' mechanism. Alternatively, inhibition is prevented through the ''substrate pathway'' whereby the protease cleaves and therefore inactivates the inhibitor .
A large number of potential endogenous KLK inhibitors have been identified in-vitro (Table 2) . Complex formation of some of these inhibitors has been proven in-vivo. For instance, the majority of serum KLK3 (70%-90%) was found to complex with anti-chymotrypsin (ACT), a member of the serpin family (Stenman et al., 1991) .
Most of the recognized inhibitors exhibit a relatively low level of specificity. For instance, protein C inhibitor (PCI) was found to efficiently inhibit KLK1, 2, 3, 5, 7, 8, 11, 13, and 14 (Espana et al., 1995; Luo and Jiang, 2006) . The most specific inhibitor identified so far is kallistatin, an inhibitor of KLK1 and 7 (Chen et al., 2000b; Luo and Jiang, 2006 ). An amino acid residue, Phe387, has been shown to be essential in the specificity of the inhibitory function of the protein by retaining the hydrophobicity required for the optimal interaction with KLK1 (Chen et al., 2000a) . Further structural analysis has revealed a secondary binding site between the H helix and the C2 sheet possibly facilitating complex formation (Chen et al., 2000a) .
Alternatively, inhibition specificity can be achieved in-vivo by directing the inhibitor to the location of its protease target. This mechanism was demonstrated for the KLK inhibitor LEKTI. Immunohistochemical analysis has shown a temporal compartmentalization of LEKTI and its target KLKs, e.g. KLK5 and 7, in the lamellar granule (LG) of normal skin. It has been suggested that in normal physiological state, LG transports LEKTI earlier to prevent unwanted proteolytic activity of KLKs and a premature corneocyte desquamation (IshidaYamamoto et al., 2005) . LEKTI contains 15 inhibitory domains, two of which, namely domains 2 and 5, contain three sulfide bonds characteristic of Kazal-type domains (Magert et al., 2002) . Despite of the difference in sulfide bonds, domain 6 was shown to consist of two helices and a b-hairpin, found in Kazal-type domains (Lauber et al., 2003) . Further kinetic analysis of domains 1-6, 6-9, 9-12, and 12-15 showed a strong inhibition of KLK5, 6, 13, and 14 by the three former regions (Borgono et al., 2006a) . As well, domain 6 of LEKTI was found to inhibit KLK7 .
Conclusion
In recent years, there has been substantial progress in understanding the functional mechanism, regulation, and physiological/pathbiological role of the KLK family. New findings have provided evidence for an ever-increasing complex regulatory mechanism, which controls KLK function prior to translation and/or post-translation, through highly organized proteolytic cascades. As well, evidence for biological mechanisms underlying KLK dysregulation in diverse pathological conditions, including cancer, as well as, many other noncancer disorders are emerging. Identification and further characterization of these pathways may have important clinical applications and could lead to the discovery of novel targets for therapeutic interventions.
